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ABSTRACT

To determine the effect of purse-seine fishing on the Atlantic menhaden (Brevoortia tyrannus)
population, we analyzed data from 1955-69 on fishing activity and catches. Changes in fishing
efficiency necessitated establishment of an abstract effort unit, the 1965 vessel-week. Catch per
unit of effective effort in 1965 was one-fifth that of 1955. Our instantaneous natural mortality
rate (M) estimate was 0.37. At the current recruitment age, 1.5 years, reducing F, instantaneous
fishing mortality, to about 0.8 would slightly decrease the yield per recruit, but would increase
the spawning stock and ultimately allow annual catches of 400,000-500,000 metric tons, the

maximum sustained yield.

INTRODUCTION

Landings of Atlantic menhaden, Brevoortia
tyrannus, have declined precipitously in recent
years. Fishing and changes in the environ-
ment are possible causes of the decline. This
study investigates the effect of fishing on the
stock. Henry (1971) reviewed much of the
data and investigated some aspects of the
fishery.

Records of the annual catches and fishing
effort are available since 1941 (Table 1)
(Nicholson). The landings show a dramatic
rise since 1941 and then a decline typical of
many expanding commercial fisheries. The
age composition of the catch since 1955 (Ta-
ble 2) is derived from an extensive catch sam-
pling program (June and Reintjes, 1959).
These data are the basis for our analysis.

Since most evidence from tagging (Dryfoos,
personal communication) and analyses of the
age and size distributions (Nicholson®?) indi-
cates one commercially exploited stock of At-
lantic menhaden, our. investigation presumes
this population structure.

AN ADJUSTMENT OF THE EFFORT STATISTICS

Relating dynamics of an exploited fish pop-
ulation to fishing intensity requires knowledge

1 Unpublished manuscript, William R. Nicholson,
Changes in catch and effort in the Atlantic menhaden
fishery, 1940--1968.

2 Unpublished manuscript, William R. Nicholson,
Movements of Atlantic menhaden as inferred from
changes in length-frequency distributions.

3 Unpublished manuscript, William R. Nichelson,
Population structure and movements as inferred from
back-calculated length frequencies.

of units of effective effort expended in the
fishery. Units of effective effort are those of
which a unit increase in effort causes a pro-
portional increase in the fishing mortality rate
(F). Great technical innovations in the fish-
ing fleet have impeded precise analysis of the
relation between fishing effort and fishing
mortality. Power blocks, fish pumps, increase
in airplane search time, and nylon nets caused
increased effectiveness of the observed unit of
effort, the vessel-week (a vessel week is 1 week
of activity in the fishery by one vessel) (Nich-
olson'). Other factors acted to increase effec-
tive effort in recent years. Foremost of these
is a shift of effort to geographic areas where
fish were more concentrated. Long term aver-
ages of the catch per vessel week (in numbers)
are greater in the South Atlantic and Chesa-
peake Bay and much less in the North and
Middle Atlantic and the North Carolina fall
fishery. The present fishery exists almost
entirely in the South Atlantic and Chesapeake
Bay, areas where a unit of effort catches more
fish than in other areas. Also we suspect that
menhaden are disproportionately more vulner-
able when the population is small. While this
hypothesis is unprovable with present data,
the phenomenon could easily result from den-
sity-related behavior changes. So for several
reasons, despite an overall decrease in the
number of effort units, fishing mortality has
not decreased proportionately.

Lacking quantitative measures of the in-
crease in effectiveness of the vessels, we ad-
justed effort so that the catchability coefficient
(q, the fraction of fishing mortality caused by

290



SCHAAF AND HUNTSMAN—FISHING EFFECTS ON MENHADEN STOCK

TasLE 1.—Annual catch and effort in the menhaden
fishery

Year Weight landed Effort
Metric tons Vessel weeks

1941 277.9 1,683
1942 167.2 1,233
1943 237.2 1,123
1944 257.9 1,317
1945 295.9 1,496
1946 362.4 1,588
1947 378.3 1,75

1948 346.5 1,928
1949 363.8 2,162
1950 297.2 1,681
1951 361.4 1,803
1952 409.9 1,747
1953 593.2 2,076
1954 608.1 2,173
1955 641.4 2,49

1956 712.1 2,572
1957 602.8 2,455
1958 510.0 2,229
1959 659.1 2,652
1960 529.8 1,999
1961 575.9 2,292
1962 537.7 2,271
1963 346.9 2,277
1964 269.2 1,839
1965 273.4 1,800
1966 219.6 1,435
1967 193.5 1,346
1968 234.8 1,228
1969 161.4 1,003

one unit of effort) was the same for all years.
Instantaneous fishing mortality rate (F) is
related to fishing intensity (f, equal to ob-
served effort in our analysis) by:

F=qgf

(Terminology and notation is that of Beverton
and Holt, 1957).

Since F increased, as we show below, and
the observed number of units did not, then
unit efficiency (q) increased. From our esti-
mates of numbers of fish caught at each age
(Table 2), we obtained maximum estimates
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TaBLE 3.—Annual age-specific exploitation rates (u),
and maximum instantaneous fishing mortality rates
(Fmaa:)

Age

Mean
ear 2 3 4 5 Umax Fmax
1955 71 73 .61 51 .64 1.02
1956 .87 .76 45 .78 72 1.26
1957 91 72 710 74 T7 1.46
1958 75 .53 46 .51 .56 0.83
1959 86 .71 .32 .57 .66 1.09
1960 .57 .55 .64 79 .64 1.01
1961 64 71 31 .51 .54 0.78
1962 79 80 .87 .72 80 1.58
1963 83 .91 .83 .87 .86 1.97
1964 83 90 .90 .86 .87 2.06
1965 77 .89 .93 .95 .88 2.16

of the exploitation rate (u in Table 3). Since
year classes are not fully represented in the
fishery until age 2 and often disappear after
age 5, we estimated exploitation rates for ages
2 through 5.

k
U5 = Cij/ECij

where uy; = the maximum exploitation rate for
age iin year j
Cy; = the catch of age i fish in year j

k = maximum age represented in the
landings
3Cy; = the virtual population (Ricker,
1958) of a year class in year j.

Average age specific exploitation rates (i)
for each year from 1955 through 1965 (Table
3, column 6) were converted to maximum esti-
mates of fishing mortality (Fuax) :

i=1-exp(-F)

TABLE 2.—Age composition of Atlantic menhaden in landings by purse seiners, 1955-69

Age in years?

Weight of
Year landings 0 1 2 3 4 5 6 7 8-10 Total

Metric tons . Millions of fish
1955 641,400 761.0 636.5 1,045.6 265.5 3004 35.3 9.5 1.8 0.6 3,056.2
1956 712,100 36.4 2,078.5 902.6 318.0 45.2 152.4 28.9 6.7 2.0 3,570.7
1957 602,800 300.8 1,596.5 1,348.3 96.5 70.9 40.4 37.0 4.3 1.2 3,495.9
1958 510,000 106.1 859.5 1,625.1 71.9 17.3 15.9 9.1 4.9 04 2,710.2
1959 659,100 11.4 4,032.6 821.9 3827 33.6 117 12.3 4.4 1.7 5,312.3
1960 529,800 72.2 281.0 2,207.9 75.0 101.2 24.6 7.4 2.3 0.6 2,772.2
1961 575,900 0.3 832.4 502.3 1,207.1 19.2 29.8 3.1 0.8 0.2 2,595.2
1962 537,700 51.6 519.8 831.8 221.0 4321.9 30.6 24.5 2.8 0.6 2,104.6
1963 6,90 84.6 717.8 640.7 199.7 47.0 53.3 10.3 3.5 0.6 1,757.5
1964 269,200 315.7 704.6 578.4 120.7 18.9 8.3 7.9 1.3 0.3 1,755.9
1965 273,400 127.2 820.5 389.2 102.2 12.6 1.9 1.3 0.6 0.1 1,455.6
1966 219,600 303.8 421.8 412.8 106.1 12.0 0.9 0.1 0.1 — 1,257.6
1967 193,500 19.2 522.7 340.9 110.8 8.0 0.6 — — — 1,002.2
1968 234,800 68.9 382.1 571.4 183.9 22.9 1.9 — — — 1,231.1
1969 161,400 308.4 450.6 141.0 29.9 1.6 0.2 — — — 931.7

1 Age shown is the number of annuli.
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TaBLE 4—The adjustment of effort from the relative
catchability coefficient (q)

Observed Relative  Effective
Year  vessel weeks q q effort
1955 2,499 .00041 338 845
1956 2,572 .00049 404 1,039
1957 455 .00059 491 1,205
1958 2,229 .00037 .308 687
1959 2,652 00041 .340 902
1960 1,999 .00051 419 838
1961 ,292 00034 285 653
1962 2,271 00070 579 1,315
1963 2,277 .00086 707 1,610
1964 1,839 .00112 932 1,714
1965 1,800 .00120 1.00 1,800

The last year for which we could obtain an
exploitation rate for 5-year-old fish was 1965,
since after 1965 there were no fish older than
five in our samples. Consequently this method
of adjusting effort is valid only for the period
1955 to 1965. Dividing F by f, the observed
effort, yields an index of q, the catchability
coefficient. This coefficient, the fraction of F
caused by one unit of effort, has increased
threefold during this 11-year period, indicat-
ing that a vessel week of fishing in 1965 killed
3 times the fraction of the population that a
vessel week in 1955 did. Multiplying the effort
observed each year by relative change in q or
dividing Fuax in each year by the index of g
(.0012) for the base year 1965 estimates the
number of units of effective effort applied
each year (Table 4). Effective effort has
doubled during this period even though nomi-
nal effort has declined.

STOCK-EFFORT RELATION

Changes in catch per unit of effective effort,
an index of stock abundance, indicate a five-

TasLe 5.—Calculation of total instantaneous mortality
rate, Z, from the caich per unit of effective effort

(CPUE)

CPUE

Effective Ages Weighted
Year effort 2 3 4 YA
1955 845 1.40 1.98 88 1.50
1956 1,039 2.38 1.65 26 1.55
1957 1,205 237 1.16 93 1.51
1958 687 1.72 1.03 66 1.17
1959 902 2.32 125 24 1.36
1960 838 36 1.12 .98 0.83
1961 653 1.52 175 .23 1.29
1962 1,315 1.63 175 227 1.84
1963 1,610 1.73 242 181 2.03
1964 1,714 1.78 2.31 2.30 2.13
Inverse of .
Standard deviation 1.67 201 1.25
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CPUE = 1.247-(.000623)EHort

CATCH PER UNIT OF EFFORT
{1000 METRIC TONS PER 1965 VESSEL WEEK)

PSR S ST SR SET ST TOI0Y WY SH S U SHUY S R PO W'
200 400 600 800 1000 1200 1400 1600 1800 2000
) EFFORT (1965 VESSEL-WEEKS)
LINE IS LEAST-SQUARES REGRESSION

Ficure 1.—The relationship of the annual catch
per unit of effective effort to the effective effort for
1955-65. Data from Tables 1 and 4. Points for
196669 are unadjusted; see text.

fold decrease of total stock (Fig. 1) through
1965. The four most recent years 1966-1969,
are plotted in this figure for information only,
since the effort units have not been adjusted.
We feel that any adjustment would cause these
points to shift downward and to the right
nearer the line (i.e., effective effort has con-
tinued to increase; certainly older age classes
have continued to drop out of the fishery). If
we assume that effort in these years is as effi-
cient as in 1965, then these four points imply
that the population has not yet responded to a
reduction in effort. This delayed response
could be due to the large reduction in the size
of the spawning stock (Table 7).

The negative linear relation of stock size
and effective effort suggests overfishing. An
exponential relationship is typical of many
exploited marine fishes, and so long as only
mature individuals are harvested, it is difficult
to exterminate the population (Fox, 1970).

TaBLE 6.—The yield in grams per recruit at various
fishing mortalities for four ages at first recruitment

Age of recruitment

Instantaneous
fishing mortality 1.5 2.0 2.5 3.0
0.2 7 72 66 59
0.4 105 102 6 88
0.6 116 113 110 102
0.8 121 122 118 111
1.0 122 125 123 116
1.2 123 127 125 119
1.4 123 128 127 122
1.6 123 129 129 123
1.8 122 129 130 125
2.0 122 130 130 126
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TaBLE 7.—Estimaiion of spawning stock (S) and recruitment (R) for M = 0.37
Year Z F ug Catchg S up Catchy R
Millions of fish Millions of fish
1955 1.51 1.14 .59 613.0 1,039.0 45 636.5 1414.4
1956 1.55 1.18 .60 553.2 922.0 46 2,078.5 4,518.5
1957 1.51 1.14 .59 250.3 4242 45 1,596.7 3,548.2
1958 1.17 .80 47 1194 254.0 35 859.2 2,449.7
1959 1.36 99 54 446.4 8§26.7 41 4,032.6 ,835.6
1960 0.82 45 .31 211.2 681.3 22 281.0 1,277.3
1961 1.29 92 .52 1,260.2 2,423.5 .39 832.4 2,134.4
1962 1.84 147 .87 701.4 1,046.9 .53 519.8 980.8
1963 2.03 1.66 71 3144 442.8 .58 717.8 1,237.6
1964 2,14 1.77 73 157.2 215.3 .60 704.6 1,174.3
1965 — e 601 118.7 197.8 A7 8§20.5 1,745.7
1966 — — .60 119.3 198.8 47 421.8 879.4
1967 e — .60 119.4 199.0 47 596.1 1,268.3
1968 — — .60 208.9 348.2 47 382.1 813.0
1969 — — — 31.7 52.8 47 377.3 802.7

1 From 1965 through 1969 ug and uy are means of previous years.

However, menhaden numbers have declined
linearly. A striking aspect of this fishery is
the rapid, successive disappearance of older
age classes since 1966. Now, more than ever,
the bulk of the harvest is immature fish.

The declining stock size has not been com-
pensated by increased growth or recruitment,
since the total catch has also declined dramati-
cally (Fig. 2). At least since 1962 the fishery
has been operating beyond the peak of the
catch-effort curve and has been on a decline
typical of biologically overexploited popula-
tions. Again, the last four points are unad-
justed. The failure of the population to
respond in weight could be due also to the
collapse of older age classes.

Age specific mortality rates for ages 2, 3,
and 4 were calculated (Table 5): \

300}

200

CATCH {1000 METRIC TONS)

67

69
1001

YRS YAUOY TS WU SO VUV TR SR ST S SR TS TR TS S S TS S
200 400 600 800 1000 1200 1400 1600 1800 2000
EFFORT (1965 VESSEL-WEEKS)
PARABOLA SHOWS AVERAGE EQUILIBRIUM CATCH

Ficure 2.—Total catch related to effective effort
for 1955-65. Data from Tables 1 and 4. Points for
196669 are unadjusted; see text.

Zij = loge (Cij/Ej) - loge (Ci+1/Ej+1)
where Z;; = the total instantaneous mortality
rate for age i fish in year j
Ci; —the estimated numbers of age i
fish caught in year j
E; = effective effort in year j (shown
in Table 4) (Beverton and Holt,
1957)

For each year from 1955 through 1964 these
age specific rates were averaged, each Z; being
weighted by the inverse of the standard devia-
tion of the Z’s for all years. This gave the
most weight to the age specific mortality rate
which is least affected by fluctuating year
class strength.

Instantaneous natural mortality, M, is esti-
mated by the intercept of a least square re-
gression of Z on effective effort (Fig. 3).
Iterating to correct for annual changes in

2.40F
2.20F
2.00} o

180k 062

1601
140t
120}
1.00

Z=.368 +.001035 Effort
55
*59

.61
8

60

256 457

TOTAL INSTANTANEOUS MORTALITY RATE

ASE

U TN WY W WS S T U T S N R N B N §
200 400 600 800 1000 1200 1400 1600 1800 2000
EFFORT (1965 VESSEL-WEEKS)
ITERATED REGRESSION: INTERCEPT IS NATURAL MORTALITY

Ficure 3.—The iterated least squares regression of
total instantaneous mortality rate on effective effort.
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effort yielded after 3 iterations, an M of 0.37,
a value only 0.01 less than that after 2 itera-
tions.

This analysis of mortality does not prove a
causal relation between increasing total mor-
tality and observed fishing effort, but only
attempts to describe an assumed relation. The
method used for adjusting effort caused both
the Z’s and the effective effort to be deter-
mined entirely by the age structure of the
catches.

This can be seen from the following simpli-
fied algebraic argument (where f( ) means “a
function of”):

Z; = f(E;/E;,1), for a fixed series of age
specific catches but:

E; = Fuaxj/qs, Where ¢ = catchability co-
efficient in base year

50 Ej/Ej+1 = Fmaxj/Fmaxj+1

and F..x = f (only of caiches)

An alternative explanation for the apparent
increase in total mortality is an increase in the
natural mortality rate. Although we have not
investigated this hypothesis there is no appar-
ent evidence for the increase of any mortality
factor in the menhaden environment, espe-
cially a factor which would cause the pro-
gressive disappearance of the older age groups.

THE STEADY STATE YIELD PER RECRUIT

The assumption of constant mortality rates
and growth parameters during the fishable
life span of menhaden, allows calculating the
yield per recruit from the dynamic equation of
Beverton and Holt.

Yw/R = FWexp (-Mp) 23.
n=0

Qn exp [-nk (tp —to) ]
F+ M+ K

[1-exp— (F+M+nk) Al

where A = the fishable life span = 8.0
tp = the age at which we impose fishing
mortality
p =the time spent in the pre-recruit
phase.

Length at age data from 257,000 scale sam-
ples for males and females, years 1955 through
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1969 were fit to the Von Bertalanffy growth
curve:

Iy=L, (1-exp [-K{t-ty)])

where 1, = length at age t
L., = the asymptotic length
K = the rate with which 1; approaches
L,
to = the theoretical age at which length
is zero.

Length was converted to weight by the fol-
lowing empirically determined formula:

W = .00000676 1,318

The combined sample gave average parameter
values of :

W.,=830g
K = 0.391
t = -0.93

These were used in the above yield equation.
We chose O as the age at which menhaden
could be first captured. Imposing four ages at
which fishing mortality begins, 1.5, 2.0, 2.5
and 3, gave values for p of 1.5, 2.0, 2.5, 3.0,
and resulted in the yield values presented in
Table 6. At the current recruitment age, 1.5,
it does not pay to fish at a rate greater than
about 0.8. For F’s greater than 0.8 there is
some gain in harvest by delaying recruitment
to age 2.0. This is contrary to a widely held
notion that if menhaden are not caught at a
young age there will be great losses due to
natural mortality. Either decreasing F, given
the current recruitment age, or increasing re-
cruitment age will not only be economically
advantageous but should increase the spawn-
ing stock.

STOCK-RECRUITMENT RELATION

An important change in the menhaden
stock, however, which has grave implications
for the fishery, is the precipitous decline in
both the spawning stocks and the size of
resultant year classes. A description of the
relationship between stock and recruitment is
useful for examining the current coincidence
of reduced spawning stock and decreased re-
cruitment, and for predicting the fate of the
fishery under different fishing regimes.
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Ficure 4—Ricker spawner-recruitment model.

Ricker’s (1958) stock-recruitment model,
which we have used, states that there is no
recruitment with no spawning stock, that
some spawning stock (Py) produces the maxi-
mum recruitment, and that, because of density
dependent mortality, stocks greater than Py
produce progressively fewer recruits. These
characteristics seem compatible with present
notions about menhaden, and we used the
Ricker model in our analysis.

We obtained the necessary estimates of stock
and recruitment from our estimates of the
number of fish of each age caught each year,
estimates of Z each year, and our estimate of
M. Menhaden captured at age 3 and older in
year j produce the recruits, age 1 fish, of
year j+ 1 (Higham and Nicholson, 1964).
Knowing for each year Z, M, and consequently,
F, we calculated the annual expectation of
death from fishing for the spawning stock (S) :

us=F(1-€%)/Z

Then (Table 7)

k
Sy = 23 Cij/ug
where S; = spawning stock in year j

Ci; = catch in numbers of age i in year j.
Since Atlantic menhaden are apparently not
fully recruited until they are about 2 years old
(June and Reintjes, 1959) and since the
exploitation rates (Umax) for l-year-old fish
averaged 66% of um.x for ages 2 through 5,
only 66% of F was applied to obtain u for age
1 fish.

So that:
Rj = Clj/uR (Table 7)

where R; = recruitment in year j, and

ug = 2F (1 -¢e%)/3Z

Fitting the Ricker model (Fig. 4) yielded
an estimate of the stock producing the greatest
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recruitment, P,, of 654 million fish. Py,
would produce 2.9 billion recruits.

The stock-recruitment model allows pre-
diction of future population structures under
different levels of fishing. A Fortran 1V sim-
ulation program incorporating the Ricker
stock-recruitment model, our estimate of M,
selected values of F, and weight at age infor-
mation allowed us to make such predictions.
Our predictions depend, of course, on the
occurrence each year of the average recruit-
ment for the stock size in question. The vari-
ability of the data emphasizes the need for
caution in using these projections. Despite
this variability our model provides reasonable
inferences about the population. Our model’s
predicted maximum sustainable yield (MSY),
380,000 metric tons, is close to our empirical
notion of MSY (from historical data) of about
500,000 metric tons, to lend some credence to
the analysis.

The concurrence of extremely small spawn-
ing stocks and recruitments in the last 3 years
is striking. This concurrence furnishes cir-
cumstantial evidence that declining yields have
resulted from reduced spawning stock and,
possibly, fishing.

Our model indicates that the optimum fishing
mortality is 0.80 (Fig. 5). Imposing greater
fishing mortality significantly decreases max-
imum yields and increases the time required
to reach the maximum. Fishing at F below
0.8 will achieve greater short term yields
but these too level off below the curve for F =
0.8. i F = 0.6, the cumulative yield achieved
by 1983 (where the curves cross) is 3,222,000
metric tons, while the cumulative yield from
F = 0.8 is 2,749,000 metric tons up to 1983.
Delaying harvest for a period of years pro-
duces large yields faster. For instance, wait-
ing 2 years and then fishing at 0.6 yields a
sum of 3,580,000 tons by 1983. Fishing at
F = 0.8 after a two year wait yields 3,648,000
tons. If F=1.2, the average value for the
period 1955 through 1964, the yield climbs
very slowly to 129,000 tons per year after 30
years; while fishing mortalities in excess of
1.2 (which have occurred in recent years)
cause collapse of the population.

Our equilibrium caich-effort curve from
historic data predicts a yield of 600,000 metric

TRANS. AMER. FISH. SOC,, 1972, NO. 2
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Ficure 5.—Projected yield achieved from four dif-
ferent fishing mortalities.

tons while the population-prediction model
suggests a yield of only 380,000 metric tons.
The catch-effort curve is probably biased up-
ward because of the succession of exceptional
year classes in the 1950’s. The population-pre-
diction model depends greatly on the spawner-
recruitment model, which is insensitive to and
dampens the effects of those large year classes.
These two yield estimates bracket an historical
notion of sustained yield of 500,000 metric
tons. These estimates are relatively close to-
gether and warn against optimistic appraisal
of the menhaden resource as unlimited.

CONCLUSIONS

This analysis demonstrates, after account-
ing for changes in the fishery, a considerable
impact of fishing on the resource. The stock
is greatly diminished probably as a result of
excess fishing, and recovery will occur only
if F is diminished. Moreover, after recovery
of the population annual caiches should be
about 400,000-500,000 metric tons. This
should insure adequate spawning. To attempt
a more precise estimate of MSY would be
unrealstic with these data. It must be empha-
sized that, extensive as our records have now
become, the statistics which form this picture
of menhaden dynamics represent a small por-
tion of the history of the fishery, and particu-
larly that the catch composition data is avail-
able only for the period of declining yields
since the peak harvest of 1956. In spite of
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limitations in the data, a production model for
menhaden is needed to help prevent the un-
necessary destruction of an industry and a
national resource.
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